Abstract: Mg-Si thin films (23 ≤ at.% Si ≤ 43) were deposited by co-sputtering of Mg and Si targets in an argon atmosphere. Two groups of samples were prepared with respect to sputtering parameters. The first Group I was synthesized while residual pressure in the reactor was lower than 7 × 10 −4 Pa and the second Group II when reactor was pumped down to pressure higher than 7 × 10 −4 Pa. The Mg 2 Si phase appeared for all as-deposited films of Group I around the stoichiometric composition region (29 ≤ at.% Si ≤ 37) and in the Mg-rich region (at.% Si < 29) the Mg 2 Si and Mg phases coexisted. An amorphous structure was obtained for all as-deposited films of Group II no matter their composition (34 ≤ at.% Si ≤ 38) and the Mg 2 Si structure was achieved after post annealing under air at temperature ≥140 • C. Thermal stability of Mg 2 Si thin films was investigated by annealing treatments under air. Superficial Mg 2 Si structural decomposition began at T > 500 • C and layer morphology and structure damaged while annealing temperature increased up to 700 • C. The films' electrical resistivity, free carrier concentration and mobility as well as Seebeck coefficient were measured and thermoelectric power factors were discussed vs. composition.
Introduction
The Internet of Things (IoT) has been considered one of the major technological revolutions of this century capable of offering all sorts of services [1] . The IoT devices envision a large-scale data collection without human intervention by communicating of various smart, integrated, miniaturised devices (sensors, computing, and networking technologies) [2] . The IoT has the capability to improve the quality of human life by applications in transportation [3] , human health [4] , manufacturing maintenance [5] , and education [6] . However, a practical route to powering the IoT devices remains unclear and necessitating cost effective and continuous power sources to support this form of devices [7] .
Recently, thermoelectric generators (TEG) have received much attention as a favourable energy conversion technology enabling renewable energy production for IoT devices [5, 8] . Thermoelectric phenomenon was discovered in the eighteenth century and makes it possible to transform thermal energy into electrical energy and vice versa. The thermoelectric energy converter has extensively been developed in recent years compared to the other traditional energy generators because of its unique characteristics as well as environment-friendly energy conversion technology, small size, high reliability, no pollutants, and feasibility in a wide temperature range [9] . The efficiency of thermoelectric devices is determined by Carnot efficiency according to the second law of thermodynamics and a dimensionless figure of merit (ZT) is defined as a symbol of the thermoelectric performance by Equation (1) . As a result, a good thermoelectric power factor (PF) leads to a high figure of merit (ZT).
with,
where PF: thermoelectric power factor (W m −1 K −2 ); α: Seebeck coefficient (µV K −1 ); σ: electrical conductivity (Ω −1 m −1 ); K: thermal conductivity (W m −1 K −1 ); T: absolute temperature (K). According to Equation (1) , good thermoelectric materials exhibit a high power factor that means high Seebeck coefficient and electrical conductivity and simultaneously a low thermal conductivity. Unfortunately, for a given material, it is difficult to instantaneously find good electrical conductivity, poor thermal conductivity, and high Seebeck coefficient [10, 11] . There is still a significant need for improvement when we consider the requirements for a thermoelectric generator in real applications as well as low-cost synthesis, earth-abundant characterizations, high mechanical properties, and thermal stability [12] .
Many conventional thermoelectric materials including alloys based on BiSbTe [13, 14] , PbTe [15, 16] , PbSe [17] , skutterudite (based-on CoSb 3 ) [18] , clathrate [19] , Zintl [20] and half-Heusler alloys [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] are reported in the literature. Among these materials, recent works showed that Mg 2 X (X = Si, Sn, Ge) materials are potential interesting candidates as n-or p-type thermoelectric semiconductors at mid-temperature (500-800 K), depending on the nature of X [23] [24] [25] [26] [27] [28] [29] [30] [31] . These compounds are interesting due to their good thermoelectric performance, the abundance of toxic elements, very low thermal conductivity, good thermal and mechanical stability, but also lightweight in its component elements [24, 32] . One can also notice among Mg 2 X compounds, Mg 2 Si alloys as a n-type thermoelectric semiconductor, which is well placed to survive in typical industrial applications due to a relatively high Seebeck coefficient and a hardness of about 4-6 GPa [32] . Another principal aspect for industrial transfers of thermoelectric materials is the ability to integrate them on a small scale with moderate and acceptable manufacturing costs. The development of thermoelectric generators based on thin layers perfectly complies these criteria. Recent studies show that some thin films exhibit thermoelectric performances that are considerably greater than those obtained in bulk materials [29] . To the best of our knowledge, little work has been published about un-doped Mg 2 Si thin-films for thermoelectric applications [33] [34] [35] [36] [37] .
In sputtering process, the residual pressure means the value of vacuum pressure before refilling of the chamber by processing gases (e.g., Ar, O 2 , N 2 , etc.). This value is important for development of metallic coatings and should be in the range of 10 −4 Pa (or even lower) to guaranty the crystallinity and the quality of metallic layers [38, 39] . This study aims at explaining how the sputtering residual pressure as well as the Si content in Mg-Si coatings may change the film structure from a crystallized to an amorphous state. The influence of this structural modification on Mg-Si thin film thermoelectric properties appears as a key parameter. The electronic transport properties, crystallite size, and film morphology were taken into account to understand the electrical resistivity variation. Room temperature Seebeck coefficient was measured and finally thermoelectric power factor (PF) was calculated and discussed as a function of the Si concentration for amorphous and crystallized films.
Materials and Methods
Mg-Si coatings were deposited by co-sputtering of Mg (purity 99.9 at.%, Ø 145 mm × 8 mm) and Si (purity 99.9 at.%, Ø 145 mm × 6 mm) targets in argon atmosphere. The reactor is a 40 L cylinder Alcatel 450 SCM sputtering reactor (CIT Alcatel, Annecy, France) pumped down via a turbomolecular pump system that allows a residual vacuum below 10 −4 Pa. The chamber was equipped with circular planar and water-cooled magnetron sputtering sources and the rotating substrate holder was parallel to these sources at a distance of about 85 mm. The Mg and Si targets were supplied with a pulsed DC (Direct Current) Advanced Energy dual generator allowing the control of the discharge power. The discharge power was changed on both targets to adjust the coating compositions. Argon flow rate was controlled with a Brooks flowmeter and the working pressure was maintained at 0.2 Pa during deposition (working pressure measured using a MKS Baratron gauge). Dense alumina pellets (Keral 99, Ø = 16 mm, thickness = 0.63 mm) produced by Kerafol GmbH (Eschenbach, Germany), as well as glass microscope slides (76 mm × 26 mm × 2 mm) were used as substrates. Before each run, all substrates were cleaned with alcohol and washed with soap and water. The substrates were positioned on the grounded substrate holder at 140 mm from substrate holder axis and all depositions were carried out at floating temperature (T substrate < 70 • C). The main sputtering parameters are summarized in Table 1 and as reported in this table, residual pressure (R p ) was not the same for all deposited coatings. The films of the first Group I were synthesized with R p lower than 7 × 10 −4 Pa and those of the second Group II were deposited when the sputtering chamber was pumped down to a critical value higher than 7 × 10 −4 Pa. The influence of this critical value of residual pressure on the films' structure and thermoelectric performances will be discussed in the results and discussion section. The structural characterization of coatings was performed by Bragg-Brentano configuration X-ray diffraction (XRD) using a BRUKER D8 focus diffractometer (Bruker AXS, Karlsruhe, Germany) with a cobalt X-ray tube (Co Kα 1 +α 2 radiations λ = 0.178897 nm) and equipped with a LynxEye linear detector. Diffractograms were collected under air flow during 10 min in the 20 • -80 • angle range at a scan rate (2θ) of 0.1 • /s. The morphology of the coatings on brittle fracture cross-sections and on their top surface as well as film thickness were determined by a Jeol JSM 7800F Field Emission Gun Scanning Electron Microscope (FEG-SEM, Jeol, Tokyo, Japan). The chemical composition was analyzed by Energy-Dispersive X-ray Spectroscopy (EDS, Bruker nano, Berlin, Germany). DC electrical resistivity, Hall mobility and free carrier concentration measurements were performed in the temperature range of 22-182 • C by means of a homemade system based on the van der Pauw method. In order to warrant the ohmic behavior of the four contacts, I-V curves were systematically plotted and the linear evolution was checked for all van der Pauw combinations. Measurements started at 22 • C and the sample was heated up to 182 • C with a ramp of 2 • C min −1 . The Seebeck coefficient was measured at room temperature by means of a homemade system. Copper as superconductor material was used for hot and cold sources and the temperature of hot source was maintained constant at set point value by hot water circulation inside of hot source. The real-time value of temperature was measured by CHY 505 RTD thermometer (Centenary Materials Co. Ltd., Hsin-Chu City, Taiwan) and the difference of potential between hot and cold side of the sample was performed using a frame grabber of National 
where ∆V is the potential difference (µV) and ∆T is the temperature difference (K) between hot and cold side of the samples, respectively. In order to find the absolute values of Seebeck coefficient, the absolute Seebeck value for Cu (2 µV K −1 [40] ) was subtracted from each measured value. The Seebeck coefficient of each sample was measured 4 times and the errors in the measurement were evaluated to be within 5%. Figure 1 presents the atomic concentration of Si measured by EDS analysis in the different Mg-Si films as a function of sputtering power ratio applied to each target (P Si /P Mg ) during the deposition stage. These results show that the Si content in the films linearly increases with an increasing sputtering power ratio P Si /P Mg . The open symbols and close red symbols represent Si at.% in the films synthesized with experimental conditions of Group I and Group II, respectively. In order to study the evolution of the crystallographic structure vs. chemical composition of asdeposited coatings, X-ray diffraction analyses were systematically performed. Without annealing treatment, Figure 2 presents the structure of as-deposited Mg-Si films deposited on glass substrate. Black lines and red lines correspond to Group I and Group II, respectively. For the films deposited in Group I, and containing 23 at.% and 24 at.% Si, they exhibit (002) diffracted signal related to hexagonal close-packed Mg metal (jcpds # 00-035-821) at 2θ = 40.16° and another phase is related to the structure of face-centered cubic Mg2Si compound (jcpds # 01-075-0445) with (111) strong preferential orientation and Fm-3m space group. The relatively large full width at half maximum (FWHM) observed at about 28° for (111) Mg2Si peak confirms the existence of small crystallite size in this film. With increasing of Si concentration up to 33 at.%, the microstructure of the film is coarsened. The structure of Mg2Si achieved and kept with any trace of Mg phase while Si content changes from 29 to 37 at.%. By increasing further the Si content to value of about 43 at.% Si, Mg2Si structure leads to the formation of an amorphous structure (no diffracted signals). The addition of sufficient metalloid elements such as Si due to its fourfold coordination, is reported in the literature as an effective way to stabilize amorphous structure of sputter-deposited thin films [41, 42] . In order to study the evolution of the crystallographic structure vs. chemical composition of as-deposited coatings, X-ray diffraction analyses were systematically performed. Without annealing treatment, Figure 2 presents the structure of as-deposited Mg-Si films deposited on glass substrate. Black lines and red lines correspond to Group I and Group II, respectively. For the films deposited in Group I, and containing 23 at.% and 24 at.% Si, they exhibit (002) diffracted signal related to hexagonal close-packed Mg metal (jcpds # 00-035-821) at 2θ = 40.16 • and another phase is related to the structure of face-centered cubic Mg 2 Si compound (jcpds # 01-075-0445) with (111) strong preferential orientation and Fm-3m space group. The relatively large full width at half maximum (FWHM) observed at about 28 • for (111) Mg 2 Si peak confirms the existence of small crystallite size in this film. With increasing of Si concentration up to 33 at.%, the microstructure of the film is coarsened. The structure of Mg 2 Si achieved and kept with any trace of Mg phase while Si content changes from 29 to 37 at.%. By increasing further the Si content to value of about 43 at.% Si, Mg 2 Si structure leads to the formation of an amorphous structure (no diffracted signals). The addition of sufficient metalloid elements such as Si due to its fourfold coordination, is reported in the literature as an effective way to stabilize amorphous structure of sputter-deposited thin films [41, 42] .
Results and Discussion
The red lines are related to structure of the films deposited in group II. As shown in Figure 2 , no matter their composition, all as-deposited films exhibit an amorphous structure. It is worth to note that when the residual pressure is higher than 7 × 10 −4 Pa, the occurrence of oxygen, nitrogen, and/or hydrogen partial pressures in the rector and the interaction of these reactive species with Si and Mg sputtered particles during the deposition process strongly influence the films compactness and stabilizes the amorphous or nanocrystallized phase. The similar behavior is reported by incorporation of a few percentage of nitrogen into Al/Cr and Al/Ti coatings by Sanchette et al. [39] .
the structure of face-centered cubic Mg2Si compound (jcpds # 01-075-0445) with (111) strong preferential orientation and Fm-3m space group. The relatively large full width at half maximum (FWHM) observed at about 28° for (111) Mg2Si peak confirms the existence of small crystallite size in this film. With increasing of Si concentration up to 33 at.%, the microstructure of the film is coarsened. The structure of Mg2Si achieved and kept with any trace of Mg phase while Si content changes from 29 to 37 at.%. By increasing further the Si content to value of about 43 at.% Si, Mg2Si structure leads to the formation of an amorphous structure (no diffracted signals). The addition of sufficient metalloid elements such as Si due to its fourfold coordination, is reported in the literature as an effective way to stabilize amorphous structure of sputter-deposited thin films [41, 42] . Three samples of each group with the composition closed to Mg 2 Si (29 ≤ at.% Si ≤ 38) are selected for the next characterizations (selected zone in Figure 2 ). These films are annealed under air from 80 • C up to 180 • C and the evolution of the film structure are observed by XRD ( Figure 3 ). For the films in Group I, no matter of the film composition and annealing temperature, the fcc structure of Mg 2 Si (jcpds # 01-075-0445) with (111) strong preferential orientation can be found on the patterns. It is important to note that for the films with at.% Si = 37 both peaks related to Mg 2 Si structure shift to lower Bragg angles (as-deposited film and the film annealed at temperature ≤140 • C). Such a behavior seems to indicate the presence of stress in this film and after annealing at temperature higher than 140 • C, both (111) and (220) peaks are shifted to their standard Mg 2 Si positions due to the relaxation of the film. As-deposited films in Group II exhibit an amorphous structure. As shown in Figure 3 , the crystallization beginning depends on Si content in the films. The film with about 34 at.% Si adopts the Mg 2 Si phase after annealing under air at about 140 • C while for the film with 38 at.% Si, the temperature of crystallization increases to about 180 • C. The shift of the peaks to lower angles are not observed in the films of Group II no matter their compositions and the single Mg 2 Si phase found after post annealing treatment.
The FWHM of (111) peak at 2θ ≈ 28 • is measured and according to Scherrer law, the crystallite size of the layers is calculated after annealing under air at different temperatures. In Group I, (Figure 4) , the crystallite size of the film with 29 at.% Si increases from 50 nm to about 60 nm with rising of annealing temperature. The crystallite size of the film containing 33 at.% Si is not significantly changed with annealing treatment up to 140 • C and the average of crystallite size is about 75 ± 7.5 nm. After annealing at temperatures higher than 140 • C, no significant evolution of the crystallite size is observed for this sample. For the film with 37 at.% Si, crystallite size increases from 77 to 88 nm as the annealing temperature rises from 80 to 140 • C and the crystallite size drastically decreases to about 58 nm after annealing at higher temperatures.
crystallization beginning depends on Si content in the films. The film with about 34 at.% Si adopts the Mg2Si phase after annealing under air at about 140 °C while for the film with 38 at.% Si, the temperature of crystallization increases to about 180 °C. The shift of the peaks to lower angles are not observed in the films of Group II no matter their compositions and the single Mg2Si phase found after post annealing treatment. The FWHM of (111) peak at 2θ ≈ 28° is measured and according to Scherrer law, the crystallite size of the layers is calculated after annealing under air at different temperatures. In Group I, (Figure 4) , the crystallite size of the film with 29 at.% Si increases from 50 nm to about 60 nm with rising of annealing temperature. The crystallite size of the film containing 33 at.% Si is not significantly changed with annealing treatment up to 140 °C and the average of crystallite size is about 75 ± 7.5 nm. After annealing at temperatures higher than 140 °C, no significant evolution of the crystallite size is observed for this sample. For the film with 37 at.% Si, crystallite size increases from 77 to 88 nm as The variation of the crystallite size in Group II, is also studied after the film crystallization as presented in Figure 4 . The largest crystallite size of about 83 nm was also calculated for the film with 34 at.% Si. A further increase of Si content in the films of Group II reduces the crystallite size close to 42 nm.
Regarding the decrease of the crystallite size of sample with 37 at.% Si in Group I after annealing at the temperatures higher than 140 °C, this behavior seems quite weird because theoretically with increasing of annealing temperature the crystallite size should be increased. Considering the SEM cross section observations of this film before and after annealing in air at 180 °C for 2 h (Figure 5a ,b, respectively) it is clear that as-deposited films are compact and a really dense morphology was observed for half part of this sample, whereas another part exhibits a columnar-like morphology (Figure 5a ). The variation of the crystallite size in Group II, is also studied after the film crystallization as presented in Figure 4 . The largest crystallite size of about 83 nm was also calculated for the film with 34 at.% Si. A further increase of Si content in the films of Group II reduces the crystallite size close to 42 nm.
Regarding the decrease of the crystallite size of sample with 37 at.% Si in Group I after annealing at the temperatures higher than 140 • C, this behavior seems quite weird because theoretically with increasing of annealing temperature the crystallite size should be increased. Considering the SEM cross section observations of this film before and after annealing in air at 180 • C for 2 h (Figure 5a ,b, respectively) it is clear that as-deposited films are compact and a really dense morphology was observed for half part of this sample, whereas another part exhibits a columnar-like morphology (Figure 5a ). (Figure 5a ,b, respectively) it is clear that as-deposited films are compact and a really dense morphology was observed for half part of this sample, whereas another part exhibits a columnar-like morphology (Figure 5a ). We believe, especially in the case of this sample, that amorphous and crystallized phases coexist for as-deposited film and during post annealing up to 140 °C. In this temperature range, the We believe, especially in the case of this sample, that amorphous and crystallized phases coexist for as-deposited film and during post annealing up to 140 • C. In this temperature range, the amorphous part remains stable. However, the crystallized part rises with a crystallite size growing from 77 nm to 88 nm as the annealing temperature changes from 80 • C to 140 • C. After annealing at the temperature higher than 140 • C, the amorphous part of this coating will be crystallized (with respect to the crystallization temperature determined in Figure 3 for the amorphous samples). The stress relaxation observed in Figure 2 after annealing at temperatures higher than 140 • C can be explained by this entirety crystallization and normally the average of crystallite size for totality of this layer will be decreased. The SEM observation of this sample after annealing in air at 180 • C for 2 h (Figure 5b ) confirms our hypothesis. Annealed film presents homogenously fine crystallite morphology compared to as-deposited film.
Without any doubt, oxidation resistance plays a crucial role on thermoelectric performances of these coatings. In order to investigate oxidation resistance of these films, Mg 2 Si thin films with suitable composition deposited on alumina substrate were post-annealed in air during 2 h at temperatures up to 700 • C. This annealing treatment was followed by XRD analysis. The X-ray diffraction patterns are collected and the results are shown in Figure 6 . All diffracted peaks due to alumina substrate are identified by "s" symbol and face-centered cubic Mg 2 Si phase (jcpds # 01-075-0445) without any trace of secondary phase is detected for as-deposited film on alumina substrate. Increasing the annealing temperature up to 700 • C, the narrowing of FWHM confirms the film grain size growth. For the film annealed at temperature >500 • C, oxidation of Mg 2 Si superficial layer gives rise to the formation of SiO 2 secondary phase with a diffracted signal at 2θ ≈ 33.48 • and a very low intensity peak of MgO 2 at 2θ ≈ 43.39 • . The presence of SiO 2 and MgO 2 as insulator secondary phases at the surface of the coating prohibits the electrical resistivity measurements. 0445) without any trace of secondary phase is detected for as-deposited film on alumina substrate. Increasing the annealing temperature up to 700 °C, the narrowing of FWHM confirms the film grain size growth. For the film annealed at temperature >500 °C, oxidation of Mg2Si superficial layer gives rise to the formation of SiO2 secondary phase with a diffracted signal at 2θ ≈ 33.48° and a very low intensity peak of MgO2 at 2θ ≈ 43.39°. The presence of SiO2 and MgO2 as insulator secondary phases at the surface of the coating prohibits the electrical resistivity measurements. Top surface, X-ray mapping and brittle fracture cross-section of Mg2Si film on Al2O3 substrate before and after post-annealing in air at 500 °C and 700 °C for 2 h are observed by SEM. Pictures reported in Figure 7 show that the surface microstructure of alumina substrate are perfectly and homogenously covered by as-deposited Mg2Si film. Sputtered thin film reproduces the same surface morphology and topography of alumina substrate (Figure 7a ) with a good composition homogeneity (Figure 7b ), and SEM cross-section showed relatively dense layer without cracks and delamination (Figure 7c) .
After annealing at 500 °C (Figure 7d-f) , it results in an even denser morphology and a coarsely crystallized film. From the top surface observation (Figure 7d,e) , the SiO2 particles are evidently observed, in agreement with results obtained in Figure 6 but the film morphology is not really changed (Figure 7f) . By increasing the annealing temperature up to 700 °C, it can be observed from (Figure 7i ), highlights the formation of nanoporosity in the film. After some inquiries in the matter, it has been established that the Mg2Si thin films are not thermally stable for temperatures >500 °C from the point of the view of morphology and structure. The films suffer superficial decomposition because of Mg and Si oxidation [33] . The variation of DC electrical resistivity of the films with different Si contents is presented as a function of the temperature (Figure 8 ). The films resistivity increases with a growing Si concentration in the films. This variation of the films resistivity vs. composition is more remarkable in the case of the films in Group I compared to that of the films in Group II. After annealing at 500 • C (Figure 7d-f) , it results in an even denser morphology and a coarsely crystallized film. From the top surface observation (Figure 7d,e) , the SiO 2 particles are evidently observed, in agreement with results obtained in Figure 6 but the film morphology is not really changed (Figure 7f) . By increasing the annealing temperature up to 700 • C, it can be observed from the top image that Mg 2 Si layer is destroyed (Figure 7g ) due to oxidation. The film morphology completely changes and as confirmed by X-ray mapping image (Figure 7h ) inhomogeneous Si-O and Mg-O areas are formed. The SEM cross-section of the film annealed at 700 • C (Figure 7i) , highlights the formation of nanoporosity in the film. After some inquiries in the matter, it has been established that the Mg 2 Si thin films are not thermally stable for temperatures >500 • C from the point of the view of morphology and structure. The films suffer superficial decomposition because of Mg and Si oxidation [33] .
The variation of DC electrical resistivity of the films with different Si contents is presented as a function of the temperature (Figure 8 ). The films resistivity increases with a growing Si concentration in the films. This variation of the films resistivity vs. composition is more remarkable in the case of the films in Group I compared to that of the films in Group II. The variation of DC electrical resistivity of the films with different Si contents is presented as a function of the temperature (Figure 8 ). The films resistivity increases with a growing Si concentration in the films. This variation of the films resistivity vs. composition is more remarkable in the case of the films in Group I compared to that of the films in Group II. Mg 2 Si films in Group II exhibit the typical behavior of semi-conducting materials, i.e., a decrease of the electrical resistivity as the temperature increases. The same behavior can be observed for the film with 37 at.% Si in Group I from room temperature up to 140 • C because of the presence of an amorphous part in this sample. For the temperatures higher than 140 • C, the films resistivity increases with the temperature augmentation. This unusual incidence seems to be in good agreement whit the crystallite size decreasing observed at the same temperature in Figure 4 . This phenomenon is emphasized for the film with 33 at.% Si and as shown in Figure 8 , the electrical resistivity increases drastically vs. temperature for the value higher than 120 • C. The origin of this resistivity variation is not clear and cannot be connected to the crystallite size variation or the presence of an amorphous part in this range of compositions. As shown in Figure 4 , crystallite size of sample with 33 at.% Si remains relatively at the same level after annealing at different temperatures. Maybe absorption and desorption of humidity play an important role in this abnormous resistivity variations. Finally for the film with 29 at.% Si the film resistivity remains quite constant vs. temperature.
The variation of carrier concentration and mobility of the films with different Si contents are presented as a function of the temperature in Figure 9b . The film deposited in Group I with 29 at.% Si exhibits the highest free carrier concentration (from 2.09 × 10 20 to 2.45 × 10 19 cm −3 ). For the film with 33 at.% Si, an important decrease of carrier concentration occurs with temperature increasing higher than 110 • C (Figure 9a ). The same variation is observed for the carrier concentration of the film containing 37 at.% Si. Up to 110 • C the carrier concentration increases and then decreased for the higher temperature. Films deposited in Group II generally exhibit lower carrier concentration in comparison with these deposited in Group I. The highest carrier mobility observed for the film with 33 at.% Si in Group I, from 1.4 × 10 2 cm 2 V −1 s −1 to about 1.3 × 10 3 cm 2 V −1 s −1 as the temperature varied from 30 to 182 • C. For this range of temperatures, a decrease of mobility vs. temperature could be expected due to lattice scattering phenomenon, as typically reported in semiconducting materials. However, our sputter-deposited films certainly contain a high concentration of growth defects. They act as impurities and the temperature dependence of mobility rather exhibits an evolution connected to the impurity scattering mechanism, i.e., an increase of mobility with the temperature.
The
temperature. Films deposited in Group II generally exhibit lower carrier concentration in comparison with these deposited in Group I. The highest carrier mobility observed for the film with 33 at.% Si in Group I, from 1.4 × 10 2 cm 2 V −1 s −1 to about 1.3 × 10 3 cm 2 V −1 s −1 as the temperature varied from 30 to 182 °C. For this range of temperatures, a decrease of mobility vs. temperature could be expected due to lattice scattering phenomenon, as typically reported in semiconducting materials. However, our sputter-deposited films certainly contain a high concentration of growth defects. They act as impurities and the temperature dependence of mobility rather exhibits an evolution connected to the impurity scattering mechanism, i.e., an increase of mobility with the temperature. Room temperature electrical conductivity of Mg-Si films as a function of Si atomic concentration is shown in Figure 10 . The electrical conductivity of the films of Group I, decreases while the atomic percentage of Si increases. The film with 24 at. % Si presents the highest electrical conductivity (σ = 2.86 × 10 4 Ω −1 m −1 ). The film conductivity drastically decreases by about four orders of magnitude and reaches the lowest value of σ ≈ 4.39 Ω −1 m −1 while the Si content is about 43 at.%. This enhancement of resistivity for the film with about 43 at.% Si, is related to the amorphous structure and excess of Si in the film composition. For amorphous coatings of Group II (red symbols), the same phenomena are observed. The film conductivity decreases with increasing Si content.
The comparison between the films of Groups I and II with relatively the same composition allows us estimating beneficial or detrimental effects of crystallized or amorphous structure on electrical conductivity. For example, the electrical conductivity decreases for amorphous Mg 2 Si coating down to 2.64 × 10 1 Ω −1 m −1 in comparison with crystallized films of Group I (σ = 2.62 × 10 3 Ω −1 m −1 with nearly the same composition). It is worth noting that room temperature electrical conductivity reported in literature for bulk Mg 2 Si is about 1.4 × 10 3 Ω −1 m −1 [43] . [43] . The Seebeck coefficient of Mg-Si thin films measured at room temperature as a function of Si content is shown in Figure 11 . All Seebeck coefficients are negative, as expected for n-type semiconductors. Except for the film with 37 at.% Si (−163 µV K −1 Seebeck value), no matter their composition, the films deposited in Group I exhibit a very low Seebeck coefficient (a few −10 µV K −1 ). Hatched zone indicates Mg2Si structure (29 ≤ at.% Si ≤ 38) and we believed the reason of high Seebeck value measured especially for the sample with 37 at.% Si in Group I should be related to the coexistence of amorphous and crystallized Mg2Si phases. The Seebeck coefficient of Mg-Si thin films measured at room temperature as a function of Si content is shown in Figure 11 . All Seebeck coefficients are negative, as expected for n-type semiconductors. Except for the film with 37 at.% Si (−163 µV K −1 Seebeck value), no matter their composition, the films deposited in Group I exhibit a very low Seebeck coefficient (a few −10 µV K −1 ). Hatched zone indicates Mg 2 Si structure (29 ≤ at.% Si ≤ 38) and we believed the reason of high Seebeck value measured especially for the sample with 37 at.% Si in Group I should be related to the coexistence of amorphous and crystallized Mg 2 Si phases.
electrical conductivity. For example, the electrical conductivity decreases for amorphous Mg2Si coating down to 2.64 × 10 1 Ω −1 m −1 in comparison with crystallized films of Group I (σ = 2.62 × 10 3 Ω −1 m −1 with nearly the same composition). It is worth noting that room temperature electrical conductivity reported in literature for bulk Mg2Si is about 1.4 × 10 3 Ω −1 m −1 [43] . The Seebeck coefficient of Mg-Si thin films measured at room temperature as a function of Si content is shown in Figure 11 . All Seebeck coefficients are negative, as expected for n-type semiconductors. Except for the film with 37 at.% Si (−163 µV K −1 Seebeck value), no matter their composition, the films deposited in Group I exhibit a very low Seebeck coefficient (a few −10 µV K −1 ). Hatched zone indicates Mg2Si structure (29 ≤ at.% Si ≤ 38) and we believed the reason of high Seebeck value measured especially for the sample with 37 at.% Si in Group I should be related to the coexistence of amorphous and crystallized Mg2Si phases. The films of Group II coefficients are significantly higher than those of Group I. The highest Seebeck coefficient (absolute value) of 574 µV K −1 is measured for the film with 36 at.% Si. The Seebeck coefficient reported in the literature for thin film seems to be much lower than for bulk materials [43] . In this study, the maximum Seebeck coefficient measured for Mg 2 Si thin film at room temperature is relatively close to the reported values of~580 µV K −1 for the bulk materials [43] . As shown in Table 1 , the residual pressure for the films deposited in Group II was higher than that of Group I. We believe that, for the films of Group II, the existence of residual oxygen, nitrogen, and/or hydrogen gases inside the reactor leads to the deposition of Mg 2 Si thin films with O, N, and/or H as impurity elements. The presence of these impurity elements has a noticeable influence on amorphous structure formation. They generate interstitial defects leading to high Seebeck coefficient and low electrical conductivity. A deeper investigation is required with perfect monitoring of oxygen, nitrogen, and/or hydrogen partial pressures during deposition of the film to confirm the precise role of these impurity elements.
The power factor PF (Equation (2)) is defined as the ability to produce useful electrical power by thermoelectric materials. The optimization of the thermoelectric material properties is possible by enhancement of the power factor and reduction of the thermal conductivity. "An ideal thermoelectric material should have a low lattice thermal conductivity (like a glass or an amorphous material), and a high electrical conductivity (like a crystal)" [23] . Figure 12 shows the power factor of the films at room temperature as a function of their composition.
that, for the films of Group II, the existence of residual oxygen, nitrogen, and/or hydrogen gases inside the reactor leads to the deposition of Mg2Si thin films with O, N, and/or H as impurity elements. The presence of these impurity elements has a noticeable influence on amorphous structure formation. They generate interstitial defects leading to high Seebeck coefficient and low electrical conductivity. A deeper investigation is required with perfect monitoring of oxygen, nitrogen, and/or hydrogen partial pressures during deposition of the film to confirm the precise role of these impurity elements.
The power factor PF (Equation (2)) is defined as the ability to produce useful electrical power by thermoelectric materials. The optimization of the thermoelectric material properties is possible by enhancement of the power factor and reduction of the thermal conductivity. "An ideal thermoelectric material should have a low lattice thermal conductivity (like a glass or an amorphous material), and a high electrical conductivity (like a crystal)" [23] . Figure 12 shows the power factor of the films at room temperature as a function of their composition. As depicted in Figure 12 , generally the PF value of the Mg-Si thin films in Group I, decreases with a raising Si content in the films. In selected zone, the best power factor of Mg2Si thin films is obtained for 29 at.% Si with PF value of about 2 × 10 −6 W m −1 K −2 . The power factor decreases for the sample with 33 at.% Si and is significantly enhanced for the film with 37 at.% Si. We believe the PF achieves a value of around 9.7 × 10 −7 W m −1 K −2 because amorphous and crystallized phases coexist for as-deposited film with 37 at.% Si. For the films of Group II, the evolution of power factor is not similar to that of Group I. The maximum PF value of 7.6 × 10 −6 W m −1 K −2 was obtained for the film with 36 at.% of Si. It is important to notice that in relatively similar range of compositions, Mg2Si thin films of Group II reveal significantly higher values of PF compared to those of Group I.
In this study, the power factor of thin films remains low because of the weak electrical conductivity of the films in comparison with the bulk materials. The typical range of power factors reported in the literature for bulk materials is about 3.7 × 10 −4 W m −1 K −2 [43] .
Conclusions
Mg-Si thin films were deposited by co-sputtering of Mg and Si targets by adjusting the power applied on each target. The chemical composition of the films was precisely controlled and two As depicted in Figure 12 , generally the PF value of the Mg-Si thin films in Group I, decreases with a raising Si content in the films. In selected zone, the best power factor of Mg 2 Si thin films is obtained for 29 at.% Si with PF value of about 2 × 10 −6 W m −1 K −2 . The power factor decreases for the sample with 33 at.% Si and is significantly enhanced for the film with 37 at.% Si. We believe the PF achieves a value of around 9.7 × 10 −7 W m −1 K −2 because amorphous and crystallized phases coexist for as-deposited film with 37 at.% Si. For the films of Group II, the evolution of power factor is not similar to that of Group I. The maximum PF value of 7.6 × 10 −6 W m −1 K −2 was obtained for the film with 36 at.% of Si. It is important to notice that in relatively similar range of compositions, Mg 2 Si thin films of Group II reveal significantly higher values of PF compared to those of Group I.
Mg-Si thin films were deposited by co-sputtering of Mg and Si targets by adjusting the power applied on each target. The chemical composition of the films was precisely controlled and two groups of thin films were prepared. In the first group, residual pressure of the reactor was lower than 7 × 10 −4 Pa and in the second group, the sputtering chamber was pumped down to a base pressure higher than the critical value of 7 × 10 −4 Pa. The influence of this residual pressure as well as the film composition on structural, morphological, and thermoelectric properties of the films was discussed. It was shown that the film microstructure and electrical and thermoelectric properties are strongly affected by the residual pressure. Not including the film with 43 at.% Si, all as-deposited films of Group I were crystallized while an amorphous structure was obtained for all as-deposited films of Group II (no matter their composition). For both groups, the film conductivity decreased with increasing the Si content and room temperature electrical conductivity decreased about two orders of magnitude for amorphous Mg 2 Si coatings of Group II (σ ≈ 26.4 Ω −1 m −1 ) in comparison with crystallized thin films of Group I (σ ≈ 2.62 × 10 3 Ω −1 m −1 ) with nearly the same composition. The films deposited in Group I exhibited generally poor Seebeck coefficients (α ≈ −10 µV K −1 ) and only for the film with 37 at.% Si the absolute Seebeck value reached 164 µV K −1 and power factor enhanced to 9.7 × 10 −7 W m −1 K −2 . Amorphous and crystallized phases coexisted for as-deposited film with 37 at.% Si and the presence of an amorphous phase explains this higher thermoelectric property of this film compared to another coating of Group I.
The highest absolute Seebeck coefficient of 574 µV K −1 and maximum power factor of 7.6 × 10 −6 W m −1 K −2 were measured for the films of Group II with about 36 at.% of Si. The results of this paper highlight the possibility to improve the thermoelectric power factor of Mg 2 Si thin films with amorphous state by a fine tuning of residual pressure and composition. The amorphous state persists during an annealing treatment in air of up to 140 • C. After annealing at temperatures higher than 500 • C in air, superficial oxidation of Mg 2 Si layer gives rise to the formation of SiO 2 and MgO 2 insulator secondary phases which prohibit electrical resistivity measurements. As an additional conclusion, it is important to note that, conduction mechanism in Mg 2 Si films still remains an open question and requires more investigations.
